A prospective radiostereometric analysis (RSA) study of 18 patients with cemented revision hip surgery and impaction grafting with an Exeter stem was done with a follow-up of 2 years for all patients. All factors that could influence migration (ie, micromotion) of the stem were analyzed with a repeated measurements analysis of variance. Two groups could be identified: a stable group and a continuous migrating group. Two factors significantly influenced micromotion during the follow-up measurements. The first factor was the Paprosky classification (the bigger the defect, the higher the micromotion). The second factor was cement mantle defects in Ն1 Gruen zones. The migrating hip stems had more Gruen zones with cement mantle defects (45%) compared with the stable prostheses (21%). The effect of the first factor on micromotion was limited and probably clinically less relevant. Because the cement mantle defects found in this study were caused by poor instrumentation, the second factor stresses the importance of good instrumentation, which is essential to make this technically demanding technique effective in creating a stable stemallograft construct in the defective femoral canal.
Increasing numbers of total hip arthroplasties are done annually; estimations of about 1 million total hip arthroplasties worldwide have been made. Because revision rates at 10-year follow-up range from 7% to 13% [1] , an increasing number of revision hip arthroplasties is expected. The common factor for aseptical loosening of prostheses is loss of bone stock of the proximal femur [2] .
Reconstruction of this bone loss with tight packing of morcellized cancellous bone-graft combined with a cemented stem is a widely used technique in revision surgery of the hip. This technique shows favorable clinical and radiographic results [3] . Some histologic studies showed signs of allograft bone remodeling [4 -6] , whereas others showed signs of allograft bone necrosis [7, 8] . In 2 impaction grafting studies [9, 10] , concern was raised about the technique of cemented revision with impacted bone chips. It was noticed that massive early migration could occur with subsequent early prosthesis failure.
In impaction grafting of bone defects after revision hip arthroplasty, the graft behaves as a friable aggregate. Its resistance to complex forces depends on grading, normal load, and compaction. Ultimately the quality of the impacted bone and its remodeling potency determine prosthetic stability. The presence or absence of allograft bone remodeling might initiate a failure scenario. Several factors influence the success of this revision technique; patient factors (preoperative femoral defects and potency of allograft remodeling), technical factors (degree of bone impaction, allograft bone chip size, cementing technique), and postoperative rehabilitation factors. Viability and extent of bone graft remodeling [6, 8] influencing particle size has been discussed by others [11] . Evaluation of surgical factors, which probably are not only of more importance to the success or failure of this technique, but also can be changed easily, has not been addressed in relation to micromotion of the hip stem. Experimental studies showed that migration of the implant relative to the host-bone occurred immediately after operation but decreased at a later stage during follow-up [8, 12] . The construct of prosthesis, cement, and allograft can be considered as a unit that has to stabilize with respect to the host-bone. Stabilization of migration of this unit after a longer period is a reflection of a viable remodeled allograft, which is present at 18 months postoperatively [6] . In contrast, continuous migration reflects a nonviable, nonremodeled allograft. The latter is probably identical to a failed revision impaction grafting procedure. The use of impacted morcellized cancellous allograft in the proximal femur followed by insertion of a cemented implant is believed to reconstitute the proximal femur gradually through substitution and incorporation of the allograft into the host-bone [4 -7] .
Although several authors reported on the viability of the grafted femur [4, 6, 8] , little is known about the biomechanical performance of this revision technique: How does the prosthesis-cement-allograft construct migrate in the host femur, and which factors influence migration? Will the prosthetic stem continue to migrate in the allograft impacted femoral canal, or does it stabilize at a certain time in followup? Stabilization means resorption of the allograft bone construct stops, and the construct becomes viable. The aim of this study is to identify which factors are associated with excessive migration in bone impaction hip revision surgery.
Material and Methods
A prospective study of 18 patients who underwent revision surgery of a primary total hip prosthesis was carried out at the Leiden University Medical Center. The procedure was done with impaction grafting and a tapered cemented stem (Exeter; Stryker Howmedica Osteonics Corp, Allendale, NJ). The institutional ethics committee approved the study, and the patients gave informed consent.
The mean age of the patients was 63 Ϯ 13.4 years, and mean body mass index was 26 Ϯ 2.6 kg/m 2 . The preoperative femoral defect was classified according to Paprosky [13] . Patients had the following femoral defects: 1 type 2A, 10 type 2C, 3 type 2B, and 4 type 3. Diagnosis was osteoarthritis in 5 hips and rheumatoid arthritis in 13 hips. During the 2-year follow-up period, 1 patient died (1 year postoperatively).
All revision surgeries were done through a direct lateral approach to the hip. The impaction grafting procedure was done as previously described by one of the authors [3, 6, 14] . Surgery was done by 2 experienced surgeons; in 10 cases, surgery was done by 1 author (R. G. P.), and the other 8 eight cases, surgery was done by another author (R. G. H. H. N.). All allograft bone used was stored at Ϫ80°C. The cancellous allograft bone was morcellized to a chip size of approximately 2 to 4 mm with a bone mill. The graft was washed once, after which autologous bone marrow with blood from the exposed femur and acetabulum was added. The hip prosthesis was cemented using Simplex P gentamicin-impregnated cement (Stryker Howmedica Osteonics Corp, Allendale, NJ).
The patients were evaluated preoperatively. Postoperatively, clinical evaluations were done (Harris hip score [15] ), and RSA radiographs were taken. Postoperatively, patients were kept from weight bearing until the first RSA radiograph was obtained at the fifth postoperative day. The postoperative regimen was different between the 2 surgeons regardless of the preoperative femoral defect. The first author (R.G.H.H.N.) allowed patients to ambulate with 50% weight bearing with 2 crutches from the 5th day postoperatively until 6 weeks postoperatively, when full weight bearing was allowed. The other author (R. G. P.) had patients ambulating with 15% weight bearing with crutches during the first 6 postoperative weeks; after that time, patients were allowed 50% weight bearing until 3 months postoperatively, when full weight bearing was allowed.
Follow-up evaluations were immediately postoperatively, and 6 weeks, 3 months, 6 months, 12 months, 18 months, and 2 years postoperatively. Immediately postoperative standard anteroposterior and lateral radiographs of the hip were ob-tained. On the anteroposterior radiographs, the cement mantle was divided into 7 zones according to Gruen, McNeice, and Amstutz [16] . Zone 1 is located adjacent to the greater trochanter, and zone 7 is located at the calcar. In the standard anteroposterior radiographs, the orientation of the stem (ie, varus or valgus), the cement mantle thickness, and the position of the distal cement plug were measured. The presence of bone remodeling or cortical bone resorption was scored. A cement mantle thickness of Ͻ2 mm in 1 of the 7 Gruen zones on the anteroposterior radiograph was considered insufficient [17] [18] [19] [20] [21] . Alignment of the hip stem with the axis of the femur within 3°of varus or valgus was considered neutral. Finally, on the anteroposterior radiograph of the femur, an index was calculated at the distal border of the lesser trochanter. This femur-stem index is the anteroposterior diameter of the femur (inner aspect of cortex) divided by the anteroposterior diameter of the prosthesis (an index of 2 means a diameter of the femur that is twice as big as the prosthetic stem).
During the operation, 6 to 8 1-mm tantalum balls (Industrial Techtonics, Ann Arbor, MI) were inserted in the greater and lesser trochanteric region of the femur. To be able to assess the position of the implant accurately, the hip stem was modified by the manufacturer. One marker was attached to the shoulder of the prosthesis, and another was attached to the tip of the prosthesis. The center of the head of the prosthesis was used as a third prosthesis marker.
The RSA setup consists of 2 synchronized roentgen tubes positioned at approximately 1.5 m above the radiograph, each projected at one half of a roentgen film (35 cm ϫ 43 cm). The exposure of this roentgen film was simultaneous by both roentgen tubes. The angle of each roentgen tube with the vertical was 20°. A Plexiglas calibration box (Medis, Leiden, The Netherlands) with 12 1-mm tantalum markers on the upper plane and 26 on the bottom plane was used. The marker positions were determined accurately by a mechanical measuring device. These box markers define the coordinate system and determine the roentgen foci positions. The patient is positioned above the calibration box. The coordinates of the bone and prosthesis markers on the radiographs were measured. The assessment of the marker coordinates, the 3-dimensional reconstruction of marker positions, and the micromotion calculations were done with specialized RSA software (RSA-CMS, Medis, Leiden, The Netherlands) [22] [23] [24] .
The first RSA examination served as a reference baseline. All future micromotion evaluations were related to the relative position of the prosthesis with respect to the bone at that time. Migration of the stem could be expressed as translation movements along the 3 orthogonal axes: longitudinal, transverse, and sagittal.
Prostheses were designated as either stable or migrating. Two criteria were used to distinguish the migrating prostheses from the stable prostheses. The first criterion for a migrating prosthesis was translation along Ն1 of the axes of Ͼ2 mm at 1-year follow-up. The second criterion was a migration rate of Ն0.5 mm along 1 of the axes during the 2nd year of follow-up. If 1 of these 2 criteria were met, the patient was assigned to the migrating group.
Because our point of interest was migration throughout the follow-up period, the total migration was determined by the sum of the translations along the 3 orthogonal axes. This total length of the translation vector was used to define total migration. An analysis of variance (ANOVA) with repeated measurements was done with correction for follow-up time, Paprosky femoral defects, surgeon (and postoperative rehabilitation regimen), and femur-stem index as covariant. Because the number of patients was small in the Paprosky 2C and 3 defect group, these 2 classes of defect were combined for the ANOVA test (ie, 3 classes were analyzed: 2A, 2B, and 2C combined with 3). Mean values and SDs were calculated for all variables. To compare the differences between migrating and stable prostheses, Student t-tests were used. To test the intraobserver and interobserver measurement error of the cement thickness measurements, a paired-samples t-test (95% confidence interval) was used.
Results

Clinical Results
Fourteen hip prostheses were inserted in neutral alignment (0.9°Ϯ 1.5°), and 4 stems were inserted in varus alignment (range, 4°-6°). The mean preoperative Harris hip score was 33 Ϯ 11.5 points; the postoperative score increased to 74 Ϯ 13.2 points. All patients had pain relief at the latest follow-up compared with the preoperative follow-up.
In Fig. 1 , the mean cement mantle thickness in the 7 Gruen zones is given for the migrating hip stems and the stable hip stems. The migrating hip stems had more Gruen zones with cement mantle defects (eg, 0 mm of cement [25 of the 56 scored Gruen zones, 45%]) compared with the stable prostheses (15 of the 70 Gruen zones, 21%). Especially at the medial (zone V and VI) and distal parts (zone IV) of the prostheses, cement mantle defects were found. The reproducibility of these cement mantle thickness measurements has been tested by means of an intraobserver and interobserver test with 2 observers; no significant differences for either of these tests were found.
Radiologic scoring for the presence of osseous integration of the morcellized allograft by presence of trabecular bone at the final follow-up showed an equal distribution of bone remodeling between migrating and stable prostheses in all Gruen zones. The femur-stem diameter index between the migrating hip stems (2.4 Ϯ 0.39) was not statistically significant different from the stable hip stems (2.1 Ϯ 0.17).
Radiostereometric Analysis Results
Micromotion along the 3 orthogonal axes in the stable and migrating groups 5 during the 2-year follow-up is shown in Tables 1 and 2 and Figs. 2 and 3. The largest amount of micromotion occurred during the first 3 postoperative months. Translations of the hip stem in both groups were mainly present along the longitudinal axis. In the migrating group, translations were present along the transverse (Ϫ1.7 Ϯ 1.67 mm) and the sagittal (1.1 Ϯ 2.95 mm) axes. The migration along the transverse axis probably is caused by a varus rotation. The migration along the sagittal axis probably is caused by antetorsion rotation. In the migrating stems group, the largest micromotion was seen along the longitudinal axis: 18.6 mm at 2-year follow-up (Fig.  3) . In this case, micromotions found along the transverse (7.3 mm) and sagittal axis (3.5 mm) also were the largest in this study. This patient had a femoral stem-femur diameter index of 3.1 and no cement stop.
ANOVA showed that only follow-up moment and preoperative femoral defect had a statistically significant effect on the total translation (ANOVA, Pϭ.001). No effect on migration was present for the surgeon (postoperative ambulation regimen), the cement mantle thickness, or the femur-stem index. The total micromotion of the hip stems in the preoperative Paprosky 2A femoral defects was 0.35 mm (range, 0.12-0.58 mm; 95% confidence interval) less micromotion compared with the Paprosky 2C and 3 groups (ANOVA; Pϭ.001). The total micromotion in the preoperative Paprosky 2B group was 0.14 mm (range, 0.03-0.25 mm; 95% confidence interval) less than the Paprosky 2C and 3 groups (ANOVA; Pϭ.02).
Discussion
In this study, 2 factors could be identified to influence migration of the hip stems. The first factor was the extent of the femoral defect, and the second factor was the presence of cement mantle defects. The association between the extent of the femoral defect (Paprosky classification) and total migration of the stem in the allograft-impacted femoral canal could be anticipated, but the differences in migration between the Paprosky groups are small. Because the differences in stem migration between an intact femoral canal and a defective canal are probably clinically less important, the allograft impaction revision technique provides a clinically stable construct for the cemented stem, even in extensive femoral defects. The mechanical goal of the operation is providing enough initial stability of the cement-implant-allograft construct. When stability is achieved at operation, further restoration of the integrity of the proximal femur occurs as the graft is progressively revascularized and replaced by hostbone in the postoperative period [6] .
In vitro studies show that the mechanical (ie, axial and torsional) stability of the cemented femoral component in impaction grafting is only slightly less compared with the primary cemented stem [25] . Mechanical sequelae, which occur in a postoperative biologic environment, are less predictive but determine the incorporation of allograft bone with host-bone. During the creeping substitution of allograft bone by host-bone, the stability of the cement implant-allograft construct can be endangered. In this study, the highest increase in migration occurred the first 3 months after surgery and is higher than the mean 1.06 mm migration in the primary Exeter stem that was found in another RSA study [26] . Another study [27] found that the highest migration with this impaction grafting revision technique occurred during the first postoperative weeks. This early subsidence of the prosthesis probably is related to additional allograft compaction when patients are mobilized. We did not find any difference in total migration comparing the 2 postoperative rehabilitation protocols (ie, immediate weight bearing vs no weight bearing for 6 weeks). Some authors [3] stated that the Exeter stem continues to migrate during its entire life span owing to its stem design. In 96% of cases, Ͻ2 mm of migration was noticed, however. Migration of the Exeter stem was stated to be nil in 36% of cases [28] and to occur in 1 case out of 56 cases in another study [3] . All these migration measurements were made on conventional radiographs with their subsequent measurement inaccuracies [6, 22] . In our study, the Exeter stems showed either stabilizing migration of the stems along the 3 cardinal axes or an overall mean continuous migration. The migratory pattern in the migrating group was subsidence and a possible varus rotation and antetorsion. This pattern probably was due to either cement defects at the medial Gruen zones or less impacted allograft chips. The latter could not be substantiated with our data because no effect of the surgeon was found on migration, and the radiographic appearance of the allograft bone incorporation at the Gruen zones was identical between the stable and migrating groups.
The second factor influencing the migration of the hip stems was the presence of a thin cement In the stable hip stem group, 5 of 10 stable hip stems had a cement mantle defect in 2 Gruen zones. The cement mantle should allow for a smooth transition of forces from the femoral component to the adjacent bone. Because the bone-graft deforms permanently during the process of creeping substitution, defects might cause progressive migration and failure of the hip stem. Also, this type of stem probably eventually would loosen, in the presence of substantial migration because the latter should be identical to cement mantle defects; this is illustrated by the different migratory patterns of the stabilized and the continuous migrating hip stems. Stabilization of stem migration is probably identical to a viable bone-graft, which in some cases also can exist after an initial postoperative high migration ratio. Whether this hip stem will stabilize depends on the extent of the femoral defect and probably on the type of instruments. Some authors [10] showed the Exeter tamp has a different configuration (ie, shorter and smaller distally) than the definitive prostheses. Consequently an insufficient cement mantle is created, which might explain the high initial migration in our study and that of others [27] . Many articles [18,19,26,29 -31] link the longevity of a cemented hip stem to the adequacy of the cement mantle, and cement defects might be a factor for failure. In a retrieval study [19] , cement fractures had a relationship with loosening of the prosthesis in the long run. Prosthesis survival is multifactorial. RSA of the prosthesis can address fixation factors that cannot be measured reproducibly and accurately on conventional radiographs. The revision technique of morcellized allograft impaction with a cemented tapered polished stem is a technically demanding technique, which can be technically successful. Postoperatively, irreversible deformation occurs after loading of the impacted morcellized grafts, resulting in stem migration [32] . In a fair amount of hip stems, stabilization of this migration occurs. The extent and stabilization of migration depend on several factors as addressed previously. Continued migration after 1.5 to 2 years seems to have a high likelihood of future failure, however, compared with a stable stem-cement-allograft construct [33] .
Conclusion
Two factors could be identified influencing the stem migration in allograft impaction revision of a hip prosthesis: the extent of the femoral defects and the presence of cement mantle defects. The effect of the first factor on micromotion was limited and probably clinically less relevant. Because the cement mantle defects found in this study were caused by poor instrumentation, the second factor stresses the importance of good instrumentation, which is essential to make this technically demanding technique effective in creating a stable stemallograft construct in the defective femoral canal.
